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34
As the CO2 concentration in the atmosphere is increasing, interests for storing CO2 in deep 35 underground geological formations has been growing rapidly. One of the ideal candidates for 36 underground storage of CO2 is oil reservoirs. CO2 storage in oil reservoir is economically 37 interesting for the industry as the injected CO2 can be applied for enhancing oil recovery. With 38 this approach, different integrated Enhanced Oil Recovery (EOR) and CO2 storage scenarios 39 were developed. One of these integrated scenarios generating a lot of interest currently is 40 carbonated (CO2-enriched) water injection, in which water as the carrier fluid, will displace the 41 CO2 inside the porous medium. As the CO2-enriched water comes into contact with the resided 42 oil inside the reservoir, due to the higher solubility of CO2 in oil than in water, strong 43 partitioning of CO2 between the phases (CW and oil) will take place.
44
CO2 partitioning between carbonated water (CW) and the trapped oil would lead to a series of in the literature by several researchers [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] ; however, the first mechanism; i.e. formation and growth of the new gaseous phase, was documented by us for the first time in the literature.
49
Through a series of integrated experiments 1-4 , we managed to reveal the crucial role of the 50 formation and growth of the new gaseous phase on oil recovery by CWI under realistic 51 reservoir conditions. Based on the results, the associated gas content of the reservoir oil plays and (iii) restricting the flow path of CW and diverting it toward unswept areas of the porous 60 medium.
61
So far, the potential of CWI for enhancing oil recovery and CO2 storage has been studied The utilised experimental setup (Figure 1 ) was designed to conduct flooding experiments at 77 high-pressure and high-temperature conditions. To minimise the gravity effect, the core holder CT-scanning analysis was carried out on the core in order to see heterogeneities, such as 100 permeability layers present in the core. The result of core scanning (Figure 3) indicates the 101 bedding and heterogeneity of the core. The scan was performed along the long axis of the core.
6 Figure 3A indicates the long axis of the core when it was viewed normally, and Figure 3B 103 presents the long axis of the core when the data is levelled. The dimensions and other physical 104 properties of the core are given in Table 3 . 
152
Although breakthrough happened at early pore volumes of injection, there was still oil recovery 153 after breakthrough. As indicated in Figure 4 , recovery factor after breakthrough increased from 154 27.8% to 34.9% OOIP. As presented in Figure 4 , the amount of produced oil after 1 PV of 155 injection is very small and converged to zero at around 1.5 PV of injection.
To study the potential of CWI as a tertiary injection method in waterflooded heterogeneous Figure 5A depicts the rate of gas production and the calculated rate of CO2 production during 
193
Figure 5B depicted the rate of gas production and calculated rate of CO2 production during 194 tertiary carbonated water injection. This was done to check whether the fluids (mostly residual oil) inside the core were almost saturated or still taking up CO2 from the injected CW. As 196 mentioned above, the original CO2 content for CW was 26.8 scc CO2/cc brine. This ratio was 197 monitored through the test and after 5.4 PV of CWI, the ratio reached 80% of the original value.
198
It is desirable to stop the CW injection when the residual oil in the core is almost saturated with 199 CO2, i.e. when CO2 gas rate reaches close to its injected value. This would represent the 200 maximum oil that can be recovered from the CWI implementation as well as the maximum
201
CO2 that can be stored in the oil and brine within the core. results showed the stronger potential of CW when it is injected as a secondary recovery mode.
230
It should also be noted that the number of pore volumes of injected CW during the secondary 231 scenario was less than that during tertiary scenario. The main reason for increased performance 232 of secondary CWI over tertiary is the presence of lower amounts of water in place during 233 secondary than tertiary CWI. In tertiary CWI, the injected CW needs to displace the previously injected plain water inside the core in order to come in contact with resided oil and this will 235 negatively affect the oil recovery mechanisms of CWI. and improved the water conformance. Figure 8B shows a magnified version of the data 246 presented in Figure 8A which highlights the differences between water cuts during CWI and
247
WI after the water breakthrough (BT). This figure clearly indicates a better conformance
248 control for the case of CWI than waterflooding in the heterogeneous rock. Figure 9 depicts the rate of gas production and calculated rate of CO2 production during 252 secondary carbonated water injection. Based on Figure 9 , the initial gas production rate during 253 secondary CWI was constant and was equal to gas oil ratio (GOR) of produced live oil. After 254 breakthrough, the gas rate dropped. Since after BT there was oil production, methane gas from 255 the produced oil was released. Moreover, BT of CW caused the production of CO2 gas.
256
According to Figures 9A and B , secondary CWI demonstrated a good potential for safe CO2 surface of the rock from the formation water, the adsorption sites were available to interact 368 with asphaltenes and polar components of the oil. When CWI was started, due to its acidic 369 nature, these submicron inorganic particles were leaving the rock surface (mineral dissolution).
370
Next, this inorganic particle made a hydrogen bond with water and formed the oil in water 371 emulsion (Figure 19 ). This phenomenon is called ''Pickering emulsion'' that can lead to a 372 better oil recovery. observed. The reason that emulsion is only formed during CWI is due to the low pH of CW.
387
Low pH favours emulsion formation 19 .
388
As indicated in Figure 18 , with time, larger particles agglomerate and precipitate. At high 
Conclusion
398
Due to the presence of the high permeability layer in the heterogeneous rock, water/CO2-399 enriched water tended to flow through the theft zone and reduce front advancement in the lower 400 permeability layer. As a consequence, the early breakthrough of water happened during both 401 waterflooding and CWI. However, interestingly, the ultimate oil recovery by CWI either as the 402 tertiary or secondary injection scenario, in the heterogeneous rock, was much higher than that Watt University. The project is equally sponsored by ADCO, BG Group, Eni, Galp Energia,
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